Purpose The study aims to elucidate the changes in testicular spermatogenic function in high-fat diet (HFD)-induced obese rats and to evaluate the protective effects of metformin intervention. Methods Male Sprague-Dawley rats (n=18) were randomly divided into a control group (standard diet), an HFD group, and a metformin group (HFD + metformin at 100 mg/kg, once daily by oral gavage). After 8 weeks, rats were euthanized, and the weights of body and testes were measured. Testis and epididymis were dissected and hematoxylin-eosin-stained for histopathological examination and semen parameter analysis. Blood samples were collected for assessment of sex hormones and metabolic parameters (serum glucose, insulin, and leptin). Spermatogenic cell apoptosis was accessed by TUNEL. Results Compared with the control group, the final body weight and weight gain were significantly higher in HFD rats, while the testicle weight and coefficients were lower. In HFD rats, metformin treatment induced weight loss and increased testicle weight (P<0.05). In HFD rats, obvious pathological changes in the testicular tissue were characterized by small, atrophic, and distorted seminiferous tubules and destroyed basement membrane. Metformin treatment protected against the HFD-induced decrease in the number of spermatogonia, Sertoli cells, and Leydig cells (P<0.05); ameliorated the HFD-induced increases in serum glucose, insulin, leptin, and estrogen; and decreased serum testosterone (P<0.05) and reduced the rate of testicular cell apoptosis in obese male rats. Finally, metformin significantly improved semen parameters (including concentration, viability, motility, and normal morphology) in HFD rats (P<0.05). Conclusions HFD-induced obesity in rats results in detrimental effects on spermatogenesis, semen quality, endogenous hormones, and testicular cell apoptosis. Metformin intervention improved the semen parameters, possibly due to its effects on weight loss, increased testicular weight, reduced testicular cell apoptosis, and resulted in restoration of hormonal homeostasis and correction of metabolic disorder.
Introduction
The prevalence of infertility is approximately 15 %, with male factors accounting for 30 to 50 % of this rate [1] . Although controversial, numerous studies show that the quality and quantity of male spermatozoa decline from 1 year to the next [2] , with many factors including environmental effects, metabolic dysfunction, and genetic polymorphisms apparently associated with a decline in male reproductive ability [3] ; however, only obesity has been shown conclusively to be involved in this phenomenon [4] [5] [6] .
Due to improved living standards and dietary variation, the prevalence of obesity continues to increase. Previous studies suggested a close correlation between body mass index (BMI) and semen quality [6, 7] . Obesity has been reported to reduce semen quality and impact fertility by affecting spermatogenesis [5] . A high incidence of infertility in association with metabolic disturbances and hormonal dysregulation was confirmed in obese men [7] .
Accumulating evidence demonstrates that obesity leads to insulin resistance (IR), resulting in a series of obesity-related diseases [8] . Moreover, low serum testosterone was demonstrated to be predictive of IR, type 2 diabetes, and metabolic syndrome in men [9] . These results imply that IR plays a vital role in the reduced semen quality and spermatogenic dysfunction induced by obesity.
Metformin, an oral insulin sensitizer, which improves insulin sensitivity effectively, reduces the incidence of the metabolic syndrome in overweight and obese patients as well helps in losing weight [10] . Long-term follow-up from the Diabetes Prevention Program demonstrated that metformin produced durable weight loss in several ways, with decreased food intake shown to be the primary mechanism [11] . Clinical trials showed that the mean total and free testosterone levels increased significantly after metformin treatment in men with metabolic syndrome. Similarly, there was a significant decrease in fasting insulin levels, which was more pronounced in male hypogonadism associated with metabolic syndrome [12] . Prompted by these observations, the present study was designed to reveal the changes in testicular spermatogenic function in high-fat diet (HFD)-induced obese rats and to evaluate the protective effects of metformin intervention. The purpose was to assess the variation in semen quality (including motility, vitality, and normal morphology), histological configuration of the seminiferous tubules, sex hormone levels, and testicular cell apoptosis with or without metformin treatment in a rat model of obesity induced by an HFD.
Materials and methods

Animal experiments
Eighteen male Sprague-Dawley (SD) rats (aged 3 months and weighing 200±30 g, Permit number: 42000500002649) were included in the study. Rats were fed under specified-pathogen free (SPF) conditions, with a 12/12-h light/dark cycle and free access to food and water for 8 weeks. The rats were randomly divided into three groups (n=6 per group). Rats in the control group received a standard diet, while the HFD group received an HFD, and the metformin group received an HFD plus metformin (Sigma-Aldrich) treatment (100 mg/kg, once daily by oral gavage) [13] ; the control and HFD groups received saline simultaneously. The full compositions of the standard and HFDs have been reported previously [14] . The use of experimental animals in this study was approved by the Institutional Animal Care and Use Committee of Renmin Hospital of Wuhan University (China).
Morphology of testes and semen analysis
At the end of the experiment, following 12 h of starvation, the rats were anesthetized by intraperitoneal injection of sodium pentobarbital (45 mg/kg), then weighed using an electronic balance, and sacrificed by cervical dislocation. After incision of the abdominal wall along the midline, the testes were quickly removed, washed in cold saline, and blotted dry with filter paper before being observed and photographed. The weight of the testes was measured accurately using an electronic balance, and the testicle coefficient (g/kg) was defined as the weight ratio of the testes (the mean of the weight of the two testes) and the whole body. After being weighed, the testes were immediately fixed in Bouin's solution (Wuhan Boster Biological Technology, Wuhan, China). Semen was obtained from the tail of the epididymis and transferred to Ham's F10 medium (Wuhan Boster Biological Technology, Wuhan, China) for analysis of sperm count, viability, motility, and morphology according to routine protocols.
HE staining
The testicle samples were paraffin-embedded, sectioned (thickness, 5 μm), and stained with hematoxylin-eosin (HE) for evaluation by light microscopy. Photomicrographs were obtained using the Photo Imaging System (Canon 600D). The diameter of the seminiferous tubules was determined using Image-Pro Plus 6.0. In each group, 30 fields (five fields per rat, ×400 magnification) in six rats were randomly selected to count spermatogenetic cells, Sertoli cells, and Leydig cells, and the data mean values for each parameter were calculated.
Sex hormones and metabolic features
Blood samples were obtained from the abdominal aorta. After standing at room temperature for 1 h, the serum was collected after centrifugation at 300g for 15 min and stored at −70°C until analyzed.
Serum levels of testosterone (T, Elabscience, E-EL-0072c), follicular stimulating hormone (FSH, Elabscience, E-ELR0391c), luteinizing hormone (LH, Elabscience, E-ELR0026c), and estradiol (E 2 , Elabscience, E-EL-0065c) were measured by enzyme-linked immunosorbent assay (ELISA) following the manufacturer's instructions. Intra-and interassay coefficients of variation (CV) for measurements of both FSH and LH were 3.9 and 7.2 %, respectively. The intra-and inter-assay CV for T and E 2 were 4.3 and 7.1 % and 6.9 and 9.3 %, respectively.
Blood glucose was estimated by using a glucometer (Accuchek, Roche). Serum insulin and leptin were estimated using ELISA kits for rats (Mercodia, 10112401, Sweden; Elabscience, E-EL-R0582c, respectively). IR was measured through the homeostasis model assessment of IR (HOMA-IR) using the following formula: HOMA-IR=fasting insulin (μIU/mL)×fasting glucose (mg/dL)/405 [14] .
TUNEL assay
Testicular cell apoptosis in tissue sections was measured using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay kit (Roche Applied Science, 11684817910) according to the instructions provided by the manufacturer. Positively labeled nuclei (apoptotic cells) were stained brown, while negatively labeled nuclei were stained blue. One hundred seminiferous tubule sections (×400 magnification, Nikon E100) were randomly selected in each group, and the total number of apoptotic cells was counted. Finally, the apoptosis index (AI) in each group was calculated according the following formula: AI=total number of apoptotic cells/100.
Statistical analysis
Statistical tests were performed using the Statistical Package for Social Sciences (SPSS), version 13.0 (SPSS, Chicago, IL, USA) for Windows XP. All data are expressed as the means± standard error of the mean (S.E.M). Multiple group comparisons were carried using one-way ANOVA, followed by Tukey's post hoc test. All statistical analyses were two-sided, and P<0.05 was considered to indicate statistical significance.
Results
Induction of obesity and gross anatomy of the testes
The average final body weight and weight gain were significantly higher in the HFD group than in the control group. A tendency for decreased weight gain and body weight was observed in rats fed an HFD supplemented with metformin (Table 1) ; however, the opposite phenomenon was observed for testicle weight. The testes of the control group were oval and larger, with a smooth surface and plump appearance. They were opaque white and elastic with clear vascular texture. In contrast, the testes of the HFD group were atrophied, with visible differences observed between the HFD and metformin groups. Compared with the control group, the testicular coefficient of the HFD group was lower (8.01 ± 1.01 vs 4.72 ± 0.80, P < 0.05), and metformin treatment provided significant protection against the testicular atrophy observed in the HFD group (4.72±0.80 vs 7.09±0.65, P<0.05, Table 1 ).
Semen analysis
Compared to the control and metformin groups, the concentration, viability, and motility of sperm were significantly reduced in the HFD group with abnormal morphology (P<0.05). Apart from sperm concentration, there were no significant differences in the other indexes between the metformin and control groups (Table 1) .
Histological study
Under light microscopy, abundant seminiferous tubules with large diameters and intact basement membranes were observed in the testicular structure of the control group. Five to eight layers of aligned spermatogenetic cells were observed in the seminiferous tubules and the lumen of which was filled with numerous spermatozoa. The mesenchyme was composed of loose connective tissue with clustered Leydig cells, which were large, round, or polygonal in shape and rich in cytoplasm, with irregular nuclei and lightly stained chromatin. Compared with the control group, obvious pathological changes were observed in the testicular tissue of the HFD group, characterized by small, atrophic, and distorted seminiferous tubules and destroyed basement membrane. In each field of measurement, the average number of spermatogonia, Sertoli cells, and Leydig cells was significantly reduced in the HFD group (P<0.05), while metformin treatment protected testicular tissue from the damage caused by the HFD (Fig. 1 , Table 1 ).
Sex hormones and metabolic features
SD rats fed an HFD presented significantly increased serum levels of glucose, insulin, and leptin accompanied by body weight gain. The HOMA-IR results, which are a sensitive reflection of the degree of IR, were also significantly elevated in HFD rats (P<0.05). After metformin intervention, all these indexes of metabolic abnormalities decreased, and no significant differences were observed between the metformin and control groups (Fig. 2, Table 2 ). Furthermore, abnormalities in serum sex hormone levels were observed, with obviously decreased T and increased E 2 levels in the HFD group (P<0.05). However, there were no significant differences in the levels of FSH and LH among the three groups (Fig. 3 , Table 2 ).
Testicular cell apoptosis
The rate of testicular cell apoptosis was measured by TUNEL staining. The percentage of apoptotic cells was calculated, and apoptosis index was used to represent the average of them, which could show the apoptosis status of each group. The AI was found to be higher in the HFD group compared with the control group; after metformin treatment, AI went down markedly, and no significant difference was seen between the metformin group and control group (Fig. 4) .
Discussion
Obesity is a major health problem which has proved to be a high risk factor for IR, type 2 diabetes, cardiovascular diseases, endocrine disorders, and decreased fertility [8, 15] . Previous evidence demonstrated that low serum T concentrations and poor semen quality were associated with visceral obesity [7, 16] , IR, and type 2 diabetes [17, 18] . Additionally, obesity can cause and aggravate IR. All of this evidence indicated that high insulin levels or IR may play an important role in infertility in obese males.
Metformin, which is the most common drug used to treat type 2 diabetes and IR, improves peripheral insulin sensitivity through transporter-stimulated tissue uptake of glucose. Despite the known glucose-lowering effects of metformin, more recent clinical interest lies in its potential as a weight loss drug based primarily on its ability to stimulate a reduction in food intake. In addition to appetite suppression, metformin improves leptin sensitivity, changes gastrointestinal physiology, and regulates fat oxidation and storage [11] . Clinical studies revealed that metformin treatment of oligo-teratoasthenozoospermic men with metabolic syndrome obtained satisfactory effects, including significant reductions in insulin and sex-hormone-binding globulin levels, increased serum androgen levels, and a consequent improvement in semen characteristics [19] . However, the mechanisms by which obesity impairs spermatogenic function and the protective effects of metformin on obesity-induced damage in the testes, sperm parameters, sex hormones, and metabolism remain to be elucidated. To address these issues, we established an HFDinduced obese male rat model to investigate the impact of metformin on spermatogenic and testicular function. Normal testicular weight and functional spermatogenic-related cells, such as spermatogonia, Leydig cells, and Sertoli cells, are essential for sperm production. In the present study, the gross morphology and HE staining of testicular tissues demonstrated that HFD not only results in rat obesity but also leads to atrophy of the testes. This was supported by the reduction in the testicular weight and coefficient in the HFD group compared with the control group. Furthermore, the decreased concentration, viability, motility, and morphology of sperm in Fig. 2 HFD rats indicated poor sperm quality. Moreover, the number of spermatogonia, Leydig cells, and Sertoli cells in the metformin group was significantly higher than that in the HFD group. Serum analysis reflected the metabolic and sex hormone changes in each group. FSH, LH, and T are known to be regulatory factors of spermatogenesis. FSH elevates the number and function of Sertoli cells and directly activates the intracellular signaling pathway leading to the secretion of paracrine factors that indirectly promote spermatogenesis. LH acts on Leydig cells and promotes the secretion of T, which regulates the critical steps of spermatogenesis and participates in the intracellular signaling pathways. Our study revealed that, along with the increased body mass, the serum levels of hormones such as insulin, E 2 , and leptin increased in the HFD group, while T decreased, indicating that obesity impairs male reproductive function by disrupting the homeostasis of these hormones. The lower T levels observed in HFD rats may result from the reduced number of Leydig and Sertoli cells and the enhanced negative feedback on gonadotropins mediated by increased E 2 .
Metformin treatment of HFD rats had beneficial effects on the serum indexes. Furthermore, the levels of blood glucose, insulin, and HOMA-IR were significantly higher in the HFD group than those in the control and metformin groups, demonstrating dysregulated glycometabolism and IR in HFD rats. The relationship between obesity and IR is multifactorial. Visceral obesity is associated with decreased basal cortisol secretion and increased cortisol response to exogenous adrenocorticotropin stimulation, which may lead to higher insulin levels just as our results suggest [20] . Studies have shown that bioavailable, free, and total levels of T are all inversely correlated with IR and that this effect is mediated through body fat [21] . More interestingly, recent reports have shown that T treatment induces dramatic changes in weight, waist circumference, insulin sensitivity, and hemoglobin A1c levels and improvements in each of the components of metabolic syndrome [22] . In this study, after metformin treatment, the hormone and glucose concentrations were restored to approximately normal levels. This is consistent with the report of Kapoor, in which the effects of IR on serum androgen levels appeared to be restored when hypogonadal men accompanied with type 2 diabetes mellitus were treated with an insulin sensitizer [17] . Taken together, these results provide further evidence of a close interactional relationship between IR and T.
Leptin, which is the product of obese (ob) gene, is synthesized by adipocytes. Several animal models had been used to demonstrate the importance of leptin in the regulation of the hypothalamic-pituitary-gonadal (HPG) axis [23] . An adequate concentration of leptin is necessary for normal reproductive function, while overproduction of leptin, resulting in hormonal resistance, may be an important mechanism of androgen deficiency in obese men [24] . Isidori et al. found that circulating leptin correlated with total T and identified leptin as the best hormonal predictor of lower androgen levels in obese men [24] . An endocrine and/or direct paracrine effect of leptin on the gonads inhibits T production in Leydig cells [25] . Moreover, high leptin levels are associated with IR and metabolic syndrome, and these associations are significantly mediated through the effects of central obesity [26] , which can further affect the production of T. Thus, multiple endocrine variations in HFD rats, such as low T levels, high E 2 , insulin, and leptin levels, contribute to adverse effects on spermatogenesis and semen quality. The results of the present study indicate that metformin intervention could restore hormonal homeostasis and dramatically improve metabolic disorder.
Spermatogenesis is a continuous and productive process supported by the self-renewal and differentiation of spermatogonial stem cells. Moderate apoptosis of testicular cells is identified as a physiological phenomenon during spermatogenesis, which may lead to dislodgment of deformed sperms in meiosis. However, excessive apoptosis is harmful to sperm production and semen quality, which can result in oligozoospermia and asthenozoospermia. In this study, AI was found to be higher in the HFD group compared with that in the control group. Metformin intervention reduced the apoptotic rate remarkably.
Based on the above-mentioned results of this animal study, a novel therapeutic method for obese patients with male infertility may be put forward. We hypothesize that metformin therapy at an optimal dose represents an effective treatment for male infertility and hypogonadism accompanied with obesity and/or IR by improving the semen quality and correcting endocrine disorder. However, larger, prospective, case-controlled studies are required to elucidate the effects of metformin on male reproductive function in obese patients. This information will help fertility specialists in counseling their patients and in tailoring the appropriate infertility treatment.
The limitations of the present study should be noted. Although we demonstrated that HFD induced detrimental effects on spermatogenesis, semen quality, endogenous hormone levels, and apoptosis of testicular cells in rats, we did not investigate the effects of obesity on fertilization ability by mating the male rats in the three groups with normal female rats and comparing the pregnancy and abortion rates. Additionally, the influence of other mechanisms of weight loss, such as caloric restriction and physical activity, on spermatogenesis should also be investigated and compared with the effects of metformin of male reproductive function. Furthermore, more cellular, biochemical, and molecular studies are required to clarify the effects of HFD and metformin on the reproductive system. These issues will be addressed systematically in subsequent studies.
Conclusion
The present study indicates that obesity induced by HFD results in detrimental effects on spermatogenesis, semen quality, endogenous hormone levels, and apoptosis of testicular cells in rats. Metformin intervention improves semen parameters in obese male rats, possibly due to its effects on weight loss, increased testicular weight, reduced testicular cell apoptosis, and restoration of hormonal homeostasis and correction of metabolic disorder.
